Abstract: The efficiency of maize pollen induced doubled haploid (DH) production in durum wheat is low mainly because of poor germination of haploid embryos on culture media. The objective of this research was to investigate the effect of culture media supplements on DH production in durum wheat. Haploid durum embryos generated by the wheat × maize method from the cultivar Transcend and F 1 plants of a cross were cultured on a basic medium supplemented with 1 mg
Introduction
Unlike conventional breeding methods, doubled haploidy (DH) has the advantage of producing true breeding plants (Jauhar et al. 2009 ) in one generation and allows rapid recovery of recessive alleles (Schaffer et al. 1979) . Doubled haploid lines are useful for breeding, genetic mapping, quantitative trait locus (QTL) discovery, and estimation of genetic effects (Knox et al. 2000; Jauhar et al. 2009 ). Because they are completely homozygous, DH lines can be easily replicated and maintained through selfing (O'Donoughue and Bennett 1994) , and provide a rapid means of advancing the best lines (Zhang et al. 1996) . Doubled haploid production is successfully used in Canadian wheat breeding, particularly with the wheat (Triticum L. spp.) × maize (Zea mays L.) method (DePauw et al. 2011) . The wheat × maize method generates commercial durum cultivars such as Transcend, AAC Raymore, and AAC Durafield (Singh et al. 2012 (Singh et al. , 2014 (Singh et al. , 2016 , but room exists for further improvement in the efficiency of the method.
Factors that affect the success of wheat × maize DH production include genotype response and plant growth conditions (Papenfuss and Carman 1987; Carman et al. 1988; Knox et al. 2000) . Additionally, the in vivo treatment of wheat spikes with growth hormones such as 2,4-dichlorophenoxyacetic acid (2,4-D) and 3,6-dichloroo-anisic acid (dicamba) following hybridization with maize (Knox et al. 2000) is an essential step for the production of haploid embryos. Moreover, the composition of the embryo rescue medium significantly affects the germination of embryos to form haploid plantlets (Carman et al. 1988 ). Controlling microbial contamination of explants in culture is an additional challenge.
Apart from supporting embryo development in vivo, growth hormones have been used in the formation of embryogenic callus from cultured immature wheat embryos (Carman et al. 1988) . As with embryo formation and germination in undifferentiated tissue culture, differentiated embryo germination is dependent on the combination and concentration of growth hormones (Carman et al. 1988) . High concentrations of plant hormones often initiate callus formation in tissue culture. Papenfuss and Carman (1987) compared the effects of plant hormones on cultured immature wheat embryos, finding high concentrations of auxins such as dicamba (2 mg L −1 ) and 2,4-D (2 mg L −1 ) initiate calli rather than germination of wheat embryos. Dudits et al. (1975) found the application of 3.5 mg L −1 indole acetic acid (IAA) initiated callus of segments of root tips and shoots of wheat seedlings. In contrast, Cistuè et al. (2009) (Fernandez et al. 1999 ) and ascorbic acid (Joy et al. 1988) , influenced plant regeneration on a modified Murashige and Skoog medium. Moreover, AgNO 3 is a useful compound for controlling microbial contamination in culture media (Kubota and Tadakoro 1999; Feng et al. 2000) .
With the maize pollen method in durum wheat, although the level of embryo production is similar to hexaploid wheat, poor germination of excised durum embryos in culture remains a limitation (Knox et al. 2000) . The objective of this research was to investigate the effect of embryo culture media supplements on DH production in durum wheat.
Materials and Methods

Plant materials
The F 1 plants of a durum (Triticum durum L.) cross Transcend/ CDC Alloy (hereafter referred to as A1362) and the cultivar Transcend were the sources of embryos for culture media treatments. Transcend (Singh et al. 2012 ) is a Canadian DH durum wheat cultivar developed by the maize pollen method in the durum breeding program at the Swift Current Research and Development Centre. CDC Alloy is a variety registered in 2015 by the University of Saskatchewan.
Plant growth conditions
One F 1 seed and a seed of Transcend were planted every 7 d for a period of 26 wk. Each seed was uniquely identified with a pedigree at the time of planting, and embryos harvested from each plant were also identified with an extension of the pedigree.
The F 1 and Transcend durum plants were started individually in 75 mL plastic containers, transplanted into 7.5 cm plastic pots at the three-leaf stage, and into 25 cm plastic pots at the tillering stage. Before transplanting, plants were grown in a growth chamber under a combination of fluorescent and incandescent lamps that produced 450 μmol·m (Knox et al. 2000) were grown in a growth chamber with light conditions as previously described for the wheat plants. However, the temperature was controlled at 20°C during the dark and 24°C during the light. Plants were started individually in 9 cm plastic pots and transplanted into 25 cm clay pots at the three to four-leaf stage. They were fertilized with the same fertilizer and concentration as was used on the wheat plants.
Emasculation and pollination
Emasculations were done with an attempt to minimize injury to floral parts as described by Knox et al. (2000) . Emasculated spikes were covered with glassine bags. The spikes were identified with the plant pedigree on a colored tag. The tag color was changed each day for ease of identifying the plants through a series of activities including pollination, dicamba treatment, and embryo rescue.
Pollination of durum with maize was done according to Knox et al. (2000) 24 h after emasculation. Spikes were sprayed with a 100 mg L −1 dicamba solution on days two and three after pollination. Within a ventilation hood, an aerosol pump bottle held about 10 cm from the spike was used to produce a fine mist of the dicamba solution to cover the spike. The glassine bags were removed to apply the hormone and were not replaced following the application.
Chemical solutions and culture media treatments
Treatments involving 2,4-D, 6-benzylaminopurine (BAP), NAA, and IAA were prepared first by dissolving each compound in 87% ethanol using the following rates: 10 mg of 2,4-D to 20 mL ethanol, 10 mg BAP to 10 mL ethanol, 10 mg NAA to 10 mL ethanol, and 20 mg IAA to 20 mL ethanol. Dicamba, AgNO 3 , and ascorbic acid solutions were prepared by dissolving each compound in reverse osmosis (RO) purified water in the following rates: 1 mg of dicamba to 10 mL water, 1000 mg of AgNO 3 to 10 mL water, and 100 mg of ascorbic acid to 10 mL water. After the compounds were dissolved with respective solvents, each solution was filter sterilized into tubes using a sterile microfilter (Fisherbrand, Ireland) with pore size of 0.22 μm. The solutions were prepared in aseptic conditions within a laminar flow hood, then stored in a fridge.
A basal medium (BM) was prepared with 20 g sucrose (Fisher Chemicals, USA), 7.5 g purified agar (SigmaAldrich GmbH, Spain), and 2.5 g Gamborg's B-5 (Sigma product code 5893) nutrients with minimal organics in 1 L RO water. The agar was stirred, then heated in a microwave oven for 9 min. The Gamborg's B-5 medium and sucrose were added. The pH was adjusted to 6.0 using sodium hydroxide and hydrochloric acid. Aliquots of 250 mL were poured into eight jars and autoclaved at a temperature of 121°C for 15 min. Within a sterile laminar flow hood, the treatments were added to the bottles of BM with sterile pipettes and gently mixed. The treatments were:
and BM + 10 mg L −1 ascorbic acid. The solutions were dispensed into autoclaved Qorpak 30 mL bottles (Fisher Scientific, Canada) using a repeating syringe adjusted to 5 mL. Colored tape was applied to bottles to identify treatments. The bottles were loosely closed with a screw cap and allowed to cool on a slant of about 45°. Fresh media were prepared as needed.
Embryo rescue procedures
Spikes with identification tags attached were harvested and the peduncles placed in water when it was time to excise the embryos 16-18 d after pollination with maize pollen. Within a sterile laminar flow hood, caryopses were removed from spikes and placed in a 10 mL syringe identified with the spike identification tag. The caryopses were sterilized in two stages: (1) immersed in 70% ethanol for 5 min then rinsed with sterile water and (2) immersed in 3.5% sodium hypochlorite for 5 min, then rinsed twice with sterile water. With the aid of a dissecting microscope, forceps were used to tear open each caryopsis and remove the embryo. The media vials with the eight treatments were assigned to harvested embryos from each spike at random. The forceps were held in ethanol between excisions to minimize microbial contamination. Embryo pedigree and the day an embryo was rescued were printed on a computer printable plastic stake and fastened to the vials to uniquely track each embryo through the system. Excised embryos were stored in the refrigerator at 4°C for 3 d then transferred to a growth chamber adjusted to 6°C dark for 18 h and 15°C light for 6 h at a relative humidity of 80%. Germination was checked 21 d after the start of incubation and ungerminated embryos were returned to the fridge for 4 d to stimulate germination, then placed back in the growth chamber. Embryos were checked for germination periodically for up to 90 d after excision and embryos that did not germinate within this period were discarded. Germinated embryos were placed in a growth chamber at 12°C with 8 h dark and 13°C with 16 h fluorescent/incandescent light.
Haploid plantlets with two to three leaves were transplanted out of vials into 2.5 cm 12-cell plastic containers and labelled with the plot tags that had previously been taped to the vial. They were placed in propagators with lids to maintain higher humidity. The lids were removed on the fourth day. The B 2 soilless mixture as previously described was used for planting and transplanting.
Colchicine treatment
Chromosome doubling of haploid plantlets was performed as described by (Knox et al. 2000) . Following the colchicine treatment, the plants were washed in running water for 1 h and placed in a propagator to keep humidity high for 4 d in a growth chamber with temperatures adjusted to 12°C dark for 8 h and 13°C light for 16 h with the humidity set at 70%. Doubled haploid plants were identified as fertile plants with seed set, whereas haploid plants remained sterile.
Data recorded and statistical analysis
The data collected were number of plants, number of spikes treated, number of caryopses, number of embryos, number of embryos contaminated with microorganisms during incubation, number of haploid plantlets, and number of DH plants. The numbers of spikes per plant, caryopses per spike, embryos per spike, haploid plantlets per embryo, and DHs per embryo were calculated. Treatment advantage for producing DH plants was obtained by the formula: % treatment advantage over basic medium = [(Proportion treatment − Proportion basic medium )/Proportion basic medium ] × 100. Statistical analysis was performed with the z-test (Spiegel 1972) in Microsoft Excel on the proportions of haploid plantlets and DH plants per embryo. The effects of each treatment were compared with the basic medium at the 5% probability level. The analyses were performed both without considering the number of contaminated embryos, and after adjusting values based on the number of contaminated embryos within the data set.
Results
Four hundred and seventy-two wheat spikes obtained from 51 F 1 and Transcend plants were pollinated with maize (Table 1 ). On average, over nine spikes per plant were utilized on both the F 1 and Transcend plants. The number of caryopses totalled 10 693, and that of haploid embryos was 4657. About 10 embryos per spike were achieved with both the F 1 and Transcend plants. On average, the number of embryos produced were close to half (0.44) of the caryopses.
The percentage of cultured embryos contaminated with microbes ranged from 4.4% with AgNO 3 to 25.6% with the ascorbic acid for Transcend (Table 2) . For A1362, the proportion ranged from 7.9% with AgNO 3 to 25.0% with the basic medium. Over a three-fold reduction in contamination was observed between the AgNO 3 treatment and the basic medium. Furthermore, AgNO 3 restricted the spread of microbes on the surface of the culture medium where contamination occurred. Though not significant, the basic medium and ascorbic acid frequently showed higher contamination than dicamba, 2,4-D, BAP, NAA, and IAA.
Only AgNO 3 , ascorbic acid, and the basic medium produced haploid plantlets with well-developed roots and shoots. BAP produced haploids with rudimentary roots which required early rescuing by transplanting into a B 2 soilless medium. Dicamba and 2,4-D caused substantial callus, but NAA and IAA caused relatively minor callus. Very few embryos germinated on the dicamba treatment even after several days of incubation. Some embryos on the NAA and IAA treatments eventually germinated, but those with 2,4-D did not germinate. Albino plants were not observed in any of the treatments.
The proportion of haploid plantlets produced per embryo differed among treatments (Table 2 ). For Transcend, of the treatments that showed germination, the haploid plantlets per embryo ranged from 0.03 with dicamba to 0.20 with AgNO 3 . Although not significant, Transcend showed a 25% increase in the proportion of haploid plantlets per embryo with AgNO 3 over the basic medium. BAP, IAA and ascorbic acid were not different from basic medium while dicamba and NAA significantly reduced the proportion of haploid plantlets per embryo. For A1362, of the treatments that showed germination, the proportion of haploid plantlets per embryo ranged from 0.02 with dicamba to 0.21 with AgNO 3 and BAP. In contrast to Transcend, the A1362 cross with AgNO 3 and BAP treatments generated higher proportions of haploid plantlets per embryo than the basic medium. Ascorbic acid, NAA, and IAA were not different from the basic medium, but dicamba was inferior. Combined over Transcend and A1362, AgNO 3 produced the highest and dicamba the least proportion of haploid plantlets per embryo.
The highest proportion of DH plants per embryo was generated with AgNO 3 and the least with dicamba (Table 2) . AgNO 3 produced 0.01 more DHs per embryo with Transcend and 0.02 more DHs per embryo with A1362 than the basic medium, but these differences were non-significant. The BAP treatment generated 0.02 more DHs per embryo than the basic medium with A1362, but the basic medium produced 0.04 more DHs per embryo than BAP with Transcend. The NAA and IAA treatments produced fewer DHs per embryo than the basic medium, but the differences were not significant. Combined over Transcend and A1362, AgNO 3 produced 0.02 DHs per embryo higher than the basic medium, but the difference was not significant. Among other treatments, ascorbic acid Table S1 ). Thus, the high proportion of haploid plantlets per embryo and DHs per embryo which were observed in the best treatment, AgNO 3 , were due to the reduced contamination.
Discussion
The generally similar proportions between Transcend and A1362 F 1 plant's caryopsis per spike, embryos per spike, and embryos per caryopsis were in contrast with genotypic differences in haploid embryo production in wheat previously reported (Almouslem et al. 1998; Knox et al. 2000) . Almouslem et al. (1998) reported that three of the seven durum genotypes they tested with the wheat × maize method were better haploid producers than others. Knox et al. (2000) reported differences in the frequency of caryopsis per floret and embryos produced per caryopsis among three durum genotypes. The similarity in the frequency of the caryopses per spike, embryos per spike, and embryos per caryopsis between Transcend and A1362 (Kubota and Tadakoro 1999) . A significant reduction in cells of two bacterial species was reported after exposure to silver ion solution (Jung et al. 2008) . The mechanism of action of the silver ion on bacterial cells was through the bacterial DNA losing its replication ability and cellular protein inactivation (Feng et al. 2000) . The high proportion of haploid plantlets per embryo achieved with the AgNO 3 treatment was due to more embryos germinating as a result of reduced contamination. This was confirmed by the data analysis performed before and after adjusting for contaminated embryos within the data set. The AgNO 3 showed significantly higher haploid plantlets per embryo than the basic medium when the analysis included contaminated embryos. However, when contaminated embryos were excluded, the difference between the basic medium and AgNO 3 was not significant. Although the present results showed that AgNO 3 was not statistically significant in enhancing germination, AgNO 3 should not be considered limited to controlling microbial contamination, as other studies indicate that it enhances plant regeneration. For example, 1 mg L −1 AgNO 3 enhanced the induction of direct somatic embryogenesis in durum wheat (Fernandez et al. 1999) . Furthermore, AgNO 3 at 10 mg L −1 promoted plant regeneration in callus cultures (Purnhauser et al. 1987 ) and promoted plant regeneration from embryogenic calli of wheat (Yu et al. 2008 ). The significant increase in haploid plantlets per embryo with the BAP treatment on A1362 was undermined by the effect of reducing root development. The inhibition of root development observed with 1 mg L −1 BAP was contrary to our initial assumption and to the finding of Tanzarella and Greco (1985) , who reported that durum embryos cultured on a medium containing 1 mg L −1 BAP produced normal wheat seedlings, whereas, 5 mg L −1 BAP retarded rooting. They also indicated that durum embryos cultured on the medium containing the 5 mg L −1 BAP proliferated several axillary shoots. Generally, the application of BAP in tissue culture seems useful, but other media supplements that could promote root growth, such as NAA (Cistuè et al. 2009 ), should be considered in combination with BAP.
Despite the higher rate of contamination observed with ascorbic acid than the other treatments, ascorbic acid generally produced haploid plantlets per embryo and DH plants per embryo equivalent to the basic medium, indicating that it should be further considered as a potential additive if contamination were controlled. Joy et al. (1988) and Liso et al. (1988) reported the significance of ascorbic acid for tissue regeneration and plant growth in plants other than wheat. Joy et al. (1988) indicated that ascorbic acid sped up shoot formation and reversed the inhibition of shoot formation by gibberellic acid in young callus of tobacco plants. The growth of Allium cepa L. roots was increased by adding ascorbic acid, which stimulated DNA synthesis in the root meristems (Liso et al. 1988) .
Information regarding the application of auxins in culture media for wheat embryo regeneration is scarce. Unfortunately, our results with auxins such as dicamba, IAA, and NAA, each at 1 mg L −1 , were not encouraging as they initiated calli, few of which generated haploid plantlets and doubled haploid plants. The calli formed with 1 mg L −1 2,4-D did not produce any haploid plantlets. Contrary to our results, Hunsinger and Schauz (1987) indicated that 1 mg L −1 dicamba produced embryoids that regenerated wheat plants with a high frequency (70%) 4-6 wk later. The same concentration of dicamba in our study produced calli that generated only a few haploid plantlets. From a different perspective, relatively higher concentrations of dicamba (2 mg L −1
) and 2,4-D (2 mg L −1 ) reduced the precocious germination of cultured embryos of two wheat cultivars (Papenfuss and Carman 1987) . Carman et al. (1988) applied 2,4-D at 0.8 mg L −1 , a rate comparable to the concentration used in the present study, and considered optimal for inducing and maintaining somatic embryogenesis in wheat. In another study, Dudits et al. (1975) applied a relatively high concentration of 2,4-D (2.2 mg L −1 ) and IAA (3.5 mg L −1 ) separately for initiating callus of wheat explants. NAA at 1 mg L −1 caused minor callus in the present study, but the same concentration was used to promote root growth of a durum microspore culture (Cistuè et al. 2009 ). Results from different reports regarding appropriate auxin concentrations seem to be contradictory, but generally higher rates seem to suppress the regeneration of wheat embryos. Further investigations are required to determine the optimum concentrations of these compounds in culture, but we recommend future research focus on lower concentrations.
Conclusion
In conclusion, the medium supplemented with AgNO 3 or BAP generated a significantly higher number of haploid plantlets per embryo and a higher number of DH plants per embryo compared with the basic medium. The advantage of AgNO 3 was a reduction in microbial contamination of embryos, whereas BAP directly improved germination but retarded root formation, requiring early rescuing of the haploid plantlets on the soilless medium. The ascorbic acid and IAA treatments produced haploid plantlets per embryo and DHs per embryo not significantly different from the basic medium. Dicamba and NAA produced results less favorable than the control, and no germination occurred with 2,4-D. The results indicate that further research is required to find appropriate concentrations and combinations of the compounds for improved durum embryo germination and growth. In the meantime, AgNO 3 has been added to the embryo rescue medium used in the DH program at the Swift Current Research and Development Centre.
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